glass electrode, model 1190-80, is sealed into the center of the reaction cell so that the tip of the electrode is 2 to 3 mm. from the inside of the front window. At least one glass electrode examined for this study was photosensitive in that its potential, when immersed in a non-reacting solution, shifted by several millivolts in the light. This response, undoubtedly a property of the silver chloride reference electrode built into the glass electrode, was not investigated. Problems arising from the effect were avoided in the present research by the selection of electrodes which did not show a response to the light.
The side vessel, containing the reference saturated calomel electrode, is connected to the reaction cell by a capillary side arm. Light from a projector lamp is focused on the reaction cell and is uniform over the whole area of the cell. Filters, including infrared absorbers, can be inserted in the optical path as required. The electrodes are connected to a Beckman model R pH meter, the output of which drives a Brown recorder. The meter output is selected so that the 10 inch chart paper of the recorder covers a span of 2.00 pH units. The usable span can be set for the range 6.00 to 8.00 or for any other desired region of the pH scale by manipulating a standard control on the pH meter. The apparatus responds to a sudden change in light intensity within 1 second. The recorder is fast enough to follow the most rapid changes needed for this work, 0.1 pH per second.
The experimental procedure is as follows: A sample of algae is centrifuged lightly from its nutrient medium, washed, and then resuspended in a sodium bicarbonate solution of concentration, c0, up to 0.01 molar. The cell proper and the connecting side vessel are filled with the suspension so as to overflow into the upper reservoir and out of the side vessel. With the side vessel clamped off, the suspension in the cell is saturated with several per cent carbon dioxide in air by bubbling up from the bottom arm; or alternately, the contents of the upper reservoir are saturated by bubbling the gas through the open top, and the freshly saturated suspension is allowed to flow down into the cell. The upper and lower pinch clamps are then closed and the side clamp is opened; thus the reaction cell and the connecting side vessel are completely filled with liquid and there is no gas phase. The pH meter is standardized and the continuous trace of the pH on the recorder is begun. The projector lamp is turned on and the event is noted on the chart. When the light is turned off to discontinue photosynthesis, the event is again noted. The cell contents are stirred occasionally during an experiment by pinching a rubber tubing connection at one of the side arms. If the portions of the pH curve before and after pinching axe continuous, the suspension is regarded as sufficiently uniform. (The apparatus was not designed for constant stirring because of mechanical difficulties.) Young algae harvested from a thin culture resist settling around the electrode in the course of a 20 minute experiment. Older algae settle rapidly and cannot be used.
Since there is no gas phase in equilibrium with the reaction medium, and since low bicarbonate concentrations are used, the length of a photosynthesis period is limited in part by the availability of inorganic carbon sources in the suspension . After the available carbon dioxide has been exhausted by photosynthesis, it can be replenished either by respiratory production in the dark or by resaturation of the suspension by a fresh gas stream . In either method the pH can be used as a continuous monitor of the carbon dioxide concentration.
Princitle of the Method.-Tbe basic assumption underlying the method is that the buffering properties of the cell suspension depend only on the carbon dioxide-bicarbonate-carbonate equilibria . A change in pH in such a closed system can then be related unambiguously to a change in the amount of carbon dioxide and its related species .
The following notation will be used : factor, d~pH" A calculated value of this factor can be derived by considering the first and second dissociations of carbon dioxide and the maintenance of electrical neutrality in the solution. Equation (1) represents the case 1 ( tt [C] c: \~/ 0
(1) ) ( :s<,+s+,,(,_ ,,,,,)7
in which the Debye-Hiickel limiting law is used to evaluate the activity coefficients. It is apparent from this equation that, except for terms involving
\ the activity coefficients, co \d---~/0 is independent of Co. In Table I values of
[(l[C]~
co \d--p--H/0 are tabulated for co = 0.002 moles per liter.
The numerical values 6.36 and 10.33 were used for pK1 and pK~ respectively at 25 ° (Harned and Davis, 1943; Harned and Scholes, 1941) . Table I values can be used to better than 5 per cent accuracy for bicarbonate solutions less than 0.002 molar over the whole pH range. Within the same accuracy they can be used for co = 0.004 below pH 8.7, and for c0 = 0.01 below pH 7.6. Values of 1 [CO2], calculated from equation (2), are also tabu-C0 iated in Table I for 0.002 molar bicarbonate. This function is also almost independent of bicarbonate concentration.
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A special protractor was constructed which reads slopes of experimental , ( -~-" Values of ~ \~/0 were taken from Table I for the construction of the protractor. Other Buffadng Salts.--Two conditions can be found in equation (I) and Table I for increased apparatus sensitivity, at which a given change in inorganic carbon will cause a large change in pH. (I) The bicarbonate concentration, co, should be as small as possible. (2) The working pH region should be near 8.3, the point of poorest bicarbonate buffering. It is equally apparent that the conditions for increased sensitivity are also the conditions for the most likely breakdown of the basic assumption of the method. The less the buffering power of the bicarbonate systems, the greater the chance that foreign acidic or basic substances will contribute to the pH of the solution. These foreign substances may be residual salts from the culture medium that have not been completely washed out, salts added to the suspension medium, cell substances, or impurities.
Residual salts can be removed by repeated washings. The principal foreign ion in this category for our cultures is phosphate. In the category of salts in which Ks is the acid dissociation constant of the foreign substance and fi is the amount of the foreign system initially present in basic form, in molar units.
(b) pH ,~ pKI: The general effect is for -~kd~/! to be much greater than -\d~/0 because of the buffering action of the foreign system. in which f~ is the amount of the foreign system initially present in the acid form.
The specific effects of phosphate and cyanide have been evaluated over the intermediate pH range. Fig. 2 illustrates the pH ranges for applicability of the limiting cases for phosphate initially present as HPO4-and for cyanide salts. The region (a) approximation applies to within 10 per cent at all pH values below the solid curves and the region (c) approximation to within 10 per cent at all pH values below the broken curve. The pK. values for H2PO4-and HCN used in the calculations are 7.2 and 9.2 respectively. It is apparent from the curves that a phosphate/bicarbonate ratio of less than 0.025 is desirable if Table I is to be used to within 10 per cent over the whole pH range; and a cyanide-bicarbonate ratio of less than 0.1 is to be used for pH values less than 7.8.
Supernatant phosphate determinations were made after centrifuging many typical algal suspensions prepared as for a glass electrode experiment. The amount of total phosphorus in the supematant was within the above limits for inorganic phosphate. Some of the phosphate may not have been inorganic. Since most organic phosphate esters of biological significance have pK~ values less than orthophosphoric acid (Kumler and Eiler, 1943 ) the errors could not be greater than predicted for an equivalent inorganic phosphate contamination at pH values above 7.
Elementary analyses cannot be used to study interferences in the category of cell substances, since the nature of the interfering substances is not known. A more general treatment is the determination of total acids and bases by titration. The titre, which may be regarded as a blank for the carbon dioxide determinations, is determined on a sample of algae suspended in CO~-free distilled water. The assumption is made that the contribution of a given number of cells to the titre of the medium, whether as diffusible material or as the cell membrane, is the same in the blank as in dilute bicarbonate. Suspensions of Chlordla and Sccnedesmus in distilled! water always had pH values below the range used for photosynthetic studies with the glass electrode. Thus it was stttticient to determine the blank titration curve on the alkaline side Then it can be shown that if activity coefficient corrections are neglected,
tn) Ds
(. (cl) in which ~,dppH]0 is again the idealized value from equation (1) and Table I , and the other terms are as defined previously.
In practice the blank titration was determined on a concentrated suspension. The measured titre was reduced by a concentration factor in order pH=s=, is the pH value below which there is less than 10 per cent error in applying equation (1). The values are based on experimental fitmtions of Cklordla suspensions. A similar table can be constructed for cell concentrations other than 0.5 per cent by the following consideration. The ¢0 value corresponding to any tabulated value of prim**, is directly proportional to the cell concentration. Thus, for a 0.2 per cent suspension, a co value of 0.002 corresponds to a pH~x. of 7.9. that t~ and Dn in equation (5) correspond to the blank titres at the working cell densities in the glass electrode apparatus. Alkaline titrations were done on several unwashed C/d~re//a suspensions in the dark. A correction for respiratory CO, production during the titration was approximated. This correction amounted to between 20 and 50 per cent of the total titre. The titration data and the estimated corrections are summarized in Table II , in which the approximate limits of applicability of equation (1) are given as a function of the bicarbonate concentration.
Carbon Dioxide Limitations.,-A necessary condition for this method is the small reservoir of available inorganic carbon. As the pH rises during an assimilation period, the carbon dioxide concentration falls. Table I can be used to relate the equilibrium carbon dioxide concentration to the instantaneous pH. For example, the carbon dioxide concentration in 0.001 M bicarbonate is reduced to 1 X 10 -s M, the concentration in a solution equilibrated with normal air, at pH 8.3. On the other hand, if the pH is lowered much below 6.5, in the presence of bicarbonate the equilibrium carbon dioxide concentration becomes too high for the algae. There is thus a narrow pH range of roughly 6.5 to 8.5, within which most experiments must be performed. Some of the other limitations discussed above may narrow this range further.
In addition to the equilibrium carbon dioxide limitations there may also be some kinetic limitations. The uncatalyzed reactions, are not instantaneous but occur at finite rates determined by the rate constants (summarized, Rabinowitch, 1951, p. 907) . The possibility thus exists that [CO~] may be less than its equilibrium value in a suspension from which carbon dioxide is being rapidly withdrawn by photosynthetic assimilation. If photosynthesis requires the direct utilization of unhydrated carbon dioxide, a limitation might occur at a pH lower than would correspond to the limiting equilibrium carbon dioxide concentration found in Table I . Also calculations of photosynthetic rates based on equation (1) would be incorrect for the non-equilibrium case. This type of carbon dioxide limitation is more serious here than in a manometric apparatus. In the latter either there is a large reservoir of CO~ in the gas phase for acid buffer measurements or the large concentration of bicarbonate in a medium like Warburg's buffer 9 enables reaction (C) to produce CO2 rapidly. An estimate of the maximum deviation of [CO2] from its equilibrium value can be made by solving equation (6), the equation of conservation for CO2.
dt Reactions (C) and (D) can be neglected below pH 8. An approximate transformation can be made from the variable t to the variable pH.
PcoS 1
dpH Equation (7), in which [CO2]~. is the equilibrium value from Table I , has been solved numerically for several constant values of P and co. The solutions are given in Table HI for the pH range 7 to 8. In this range the percentage d[Cl deviation of d~ from its equilibrium value is of the same order of magnitude as the deviation of [CO2]. A P value of 5 X 10 --e moles liter-* sec.-* corresponds to the highest photosynthetic rates encountered in normal experiments with green algae; it represents a CO2 assimilation of 40 cell volumes per hour by a 1 per cent suspension. It can be seen from the tables that the slow dehydration of H~CO8 might become limiting above pH 7.5. Experimental attempts were made to correlate some observed decreases in rate with this type of limitation. A crude carbonic anhydrase preparation was added to catalyze reactions (3,) and (B). Unfortunately an amount of the preparation The numerical values were calculated on the basis of equation (7).
sufficient to give the desired enzymatic activity contained enough acidic substance to interfere with the interpretation of the results. Ckanging Environment.--It should be emphasized that the algae are not kept in a constant medium during the course of a glass electrode experiment. The pH changes continuously; if it did not there would be nothing to measure. This fact alone probably makes the method useless for many biological systems. Another environmental factor which might limit the application of the method to other systems is the low required ionic strength. The background of years of manometric experience of many investigators with Chlorella and Scenedesmus led us to believe that these organisms would photosynthesize at a rate almost independent of pH over a wide range and would tolerate the low salt concentration of the bicarbonate medium.
Diflusion.--The question of diffusion limitations arises since the suspensions are not stirred. Suspensions were examined microscopically for clumping. Clumped preparations were discarded so that diffusion blocks could not occur around cell clusters. An exact calculation of the rate of diffusion of carbon dioxide into isolated cells was not attempted. The situation can be approximated, however, by the simple mathematical model of diffusion into a spherical sink. Each cell may be regarded as a sink, at the surface of which an incoming carbon dioxide molecule has a certain probability of being absorbed. If the sink diameter is much larger than a molecular dimension, the rate of diffusion, j, into a single cell of radius r, is given by equation (8), in which D is the diffusion coefficient and [COs] is the over-all concentration in the free liquid (Collins, 1950) .
The total diffusive flux, J, in moles per liter per second, into all the cells of suspension of volume fraction v, is
The numerical value of J for a 1 per cent suspension of Chlordla is ,--, I04 [CO~] moles/liter/sec. Even when [COs] is 3.3 X 10 -e, calculated by equation (9), corresponding to a partial pressure of 0.01 per cent atmosphere, the diffusive flux is almost four orders of magnitude greater than the saturation rate of photosynthesis. It is therefore fair to conclude that the extracellular diffusion of carbon dioxide does not become limiting until the external concentration becomes so low that a true intraceIIular equilibrium carbon dioxide limitation has already set in. An Example.--A typical experimental record is shown in Fig. 3 . The two curves are tracings from the original strip charts. They represent two separate samples of Chlordla from the same harvest. The two curves are juxtaposed to demonstrate the reproducibility of the apparatus. Photosynthetic rates, computed from slopes measured at various points along the curves, are plotted in Fig. 4 . The following features of the experiment may be pointed out. (1) The rate of photosynthesis rises gradually during the first few minutes of each light period. (2) After the induction period, the rate of photosynthesis is fairly constant until the pH exceeds 7.1. Over the pH interval 6.5 to 7.0 the experimental slope varies by a factor of four, but the calculated rate varies by less than 10 per cent. (3) The average rate in the constant region, 3.0 X 10 -s moles/liter/see., corresponds to 25 cell volumes of COs per hour, a value consistent with manometrically determined rates. (4) Although the rate falls off sharply with increasing pH, the points throughout the light period are fairly reproducible. (5) The rate of respiration is less reproducible than the rate of photosynthesis. This corresponds to the well known fact that the respiratory rate depends very much upon the previous schedule of light and dark periods.
The decrease in rate above pH 7.1 was observed in over a hundred separate experiments. The actual pH at which the decline sets in is not constant from experiment to experiment but depends in a complicated manner on the bicarbonate concentration of the medium, the cell concentration, and the light intensity. This phenomenon occurs at too low a pH to be explained by limitations in the external diffusion rate or in the rate of dehydration of H~COs. Another possible explanation is that the equilibrium carbon dioxide concentration in the region of declining rates is not enough for maximum photosynthetic 
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UGHT ON 2 " 62 [[FIG. 3 . Experimental photosynthesis and respiration curves. The experiments represented by the two curves were performed several hours apart on separate samples of algae taken from the same harvest. The curves are tracings from the original recorder charts. The relative lateral spacing of the two curves is arbitrary. efficiency. It is well known that the rate of photosynthesis depends on the carbon dioxide concentration, but it had been believed that limitations in the green algae occur only at carbon dioxide pressures below a thousandth of an atmosphere (Emerson and Green, 1938; further references in Rabinowitch, 1951, chapter 27) . In our experiments with the glass electrode, however, the decrease in rate occurs at carbon dioxide concentrations corresponding to as much as 1 per cent of an atmosphere.
The explanation of the phenomenon could lie in several possible categories. , not yet been recognized. (2) The effect is real for these experiments but would not be observed in steady state experiments. The pH changes continuously during a glass electrode measurement. The algae for some reason do not adapt quickly enough to their changing environment, and they show their inaptitude in the form of decreasing carbon dioxide uptake. (3) The effect is due to an intrinsic carbon dioxide limitation and could be observed even in a steady state measurement. This phenomenon is peculiar to media low in both carbon dioxide and bicarbonate, and it would therefore not be observed in the usual manometric experiments in which the concentration of either carbon dioxide or bicarbonate ion is high. Steady State Measureme~ts.--In order to test these various possibilities an independent method was used for measuring steady state rates of photosynthesis in media of low bicarbonate content and of fixed partial pressure of carbon dioxide. The method consists of passing a carbon dioxide-air mixture through an algal suspension at a fixed rate and of analyzing the exit gas stream for carbon dioxide. The analysis was performed by determlnlng the pH of a solution of sodium bicarbonate equilibrated with the gas stream. Higgins and Marriott (1917) used such a method for analyzing the carbon dioxide content of air. They determined the pH colorimetrically by adding an acid-base indicator to the bicarbonate solution. The substitution by Wilson et al. (1932) of a glass electrode for the color indicator was employed in the present research.
A schematic flow diagram of the apparatus is shown in Fig. 5 . The gas mixture is saturated with water, passed through a capillary flow meter, bubbled up through a 1 cm. coarse Coming sintered glass disc into the algal suspension, and then bubbled up through another sintered glass disc into the electrode chamber. The algal vessel may be by-passed so that the original gas mixture may be analyzed. The transfer lines were made of capillary tubing in order to keep the hold-up time at a minimum. The reaction cell holds 4 ml. of algal suspension. It was illuminated by white light from a projector bulb. The cell was not thermostatically controlled, but the room temperature was maintained at 25 ~ 1 °. The electrode chamber holds about 1.5 ml. of electrolyte. A Beckman glass electrode, 4990-83, was used. The calomel electrode was prepared in place. The electrolyte was 0.02 ~ KCI and 0.02 ~ NaHCOs, and bathed both the calomel and glass electrodes. The absence of a barrier between the calomel electrode and the bubbling chamber avoided the problem of liquid junction potentials. The hydrogen ion diffusion potential arising from the non-saturation with CO~ of that portion of the electrolyte closest to the calomel electrode was negligible because of the very low concentration of hydrogen ions relative to the other ions in solution. The use of equivalent amounts of chloride and bicarbonate for cells of this type was proposed by MacInnes and Belcher (1933) to minimize the activity coei~cient correction. The electrodes were connected to a Beckman model R pH meter and the cell
potentbq was actually read on a pH scale. Equation (10) relates the pH to p, the partial pressure of COs.
The constant A was eliminated by a differential technique in which the ratio of two partial pressures, y, was related by equation (11) to the difference of the two corresponding pH values.
log# --~ = --log y = pH~ -pH~ =: ApH (11) P~ 
The rate of photosynthesis in cubic centimeters of CCh per unit time is then ~Ap, in which • is the flow rate of the gas in cubic centimeters per unit time and Ap is the partial pressure difference in atmospheres. A tabulation of values of (1 -y) as a function of pH, calculated from equation (11), is given in Table IV . The model R pH meter was calibrated every few weeks against the more accurate battery-operated model G Beckman meter. The two meters agreed to within 0.01 pH unit. The linear dependence of the pH upon log p, demanded by equation (10), was verified by using known gas mixtures of 0.25 to 1.75 per cent CO2 in air. The mixtures were analyzed n~nometrically in Warburg flasks by the iodide-permanganate technique (Umbreit 1945) . Because of the satisfactory agreement of these experiments with theory, it was possible to rule out, at least for these differential measurements, disturbances due to bubbling of the gas around the glass electrode.
The E.~.~. of the cell was found to be slightly dependent upon the flow rate of the gas. The maximum variation over the range of flow rates 2 to 10 ml./mln. was about 0.02 pH unit. In any given experiment, the flow rate was maintained at a constant value for both the dark and the light measurements.
The response time of the apparatus depends on the equilibration of the gas stream with the solutions in the reaction and analysis cells. The equilibration time decreases as the flow rate is increased. On the other hand, for a given rate of photosynthesis, as the flow rate is increased the magnitude of the observable pH change is lowered and the sensitivity of the method is decreased. The actual choice of flow rate is a compromise between the two demands, a measurable change in pH and a reasonably short equilibration time. For the experiments described in this paper the flow rates were from 2 to 10 ml./min. and the average time for equilibration after each change in light intensity was about 20 minutes. The range of observed ApH was 0.11 to 0.27. Part of the equilibration time is the induction period in which the rate of photosynthesis readjusts to a change in light intensity. This period cannot be shortened by altering the flow rate of the gas. An estimate of the non-biological contributions to the equilibration time was made by filling the algal vessel with a cell-free bicarbonate solution. After a new gas was introduced at the beginning of the flow train at a rate of 5 ml./min., about 5 minutes were required for the pH to change by 90 per cent of its ultimate increment.
From equation (11) it is seen that the fractional change in Pco, determines the observed change in pH. Thus the method is most sensitive in detecting small absolute changes, Ap, at low partial pressures. The over-all reliability of the observations is about 0.01 pH unit. Hence, at the highest Poo2 values used in this work, 1.3 per cent, the limit of detection is Apoo~ --0.003 atmosphere. At these higher values of Pco~ the flow rate was usually decreased in comparison with the rates for experiments with 0.25 per cent CO~.
The concentration of carbon dioxide in the flowing gas stream decreases gradually as the gas bubbles up through the suspension. The concentration of carbon dioxide in the liquid phase, however, is made uniform from top to bottom by the violence of the bubbling. Whatever concentration gradients exist in the liquid occur only at the interracial films surrounding the bubbles. If equilibration were instantaneous at the interface and if diffusion in the interfacial film were infinitely fast, then the carbon dioxide in the liquid would be in equilibration with the exit gas stream. For example, a gas containing 0.25 per cent CO2 is passed through a sample of algae and the exit gas is found to contain 0.13 per cent CO2. Then the amount of CO2 available to the algae corresponds to 0.13 per cent COs, if there are no diffusion limitations. The maximum concentration gradient of CO2 across the interracial films was con- servatively estimated from diffusion theory to be 0.03 per cent. Since the calculated effect of diffusion is so small, the assumption will be made that diffusion is not limiting in these experiments, and the liquid will be considered to be in equilibrium with the exit gas stream.
Most of the measurements were made with suspensions of Cklorella pyrenoidosa (strain Emerson) in either 0.025 ~ KHzPO4 or in 0.002 ~a NaHCO3. photosynthetic rate. In each suspending medium seven series of experiments are reported, each series on a different batch of algae. The cell concentration varied from 9 to 11 #1. algae per nil. suspension. The average maximum rate of the fourteen suspensions was 28 4-4 #1. COs per #1. algae per hour. In order to compare all the data, the series of experiments with each suspension were normalized at one point so as to fit an average curve at the highest carbon dioxide pressure. The smoothed average curves of Figs. 6 and 7 were obtained in this manner. Carbon dioxide limitations amounting to I0 per cent inhibition set in at partial pressures as high as 0.6 per cent for saturating light. This limitation occurs both in acid phosphate medium and in 0.002 • NaHCOs. At lower light intensities, the limitations occur at much lower partial pressures. Preliminary experiments indicated that at high light the inhibition was removed by higher concentrations of bicarbonate, hut the effect of bicarbonate was not studied systematically. The experiments reported here do not support the criticism of the use of carbonate-bicarbonate buffers for measurements of the quantum yield of photosynthesis (Warburg et a/., 1951) . Although 0.23 per cent atmosphere, the carbon dioxide partial pressure in the familiar 0.1 Warburg buffer 9, may be insufficient to support the maximum rate of photosynthesis at saturating light intensities, it seems to be adequate for the maximum rate attainable at low intensifies. From the lower curve in Fig. 7 , 0.35 per cent CO2 is sufficient at 900 foot-candles, at which the photosynthetic rate is about eight times compensation. As the light intensity is lowered further to the compensation point, the region in which quantum e~ciencies are determined, even smaller partial pressures of C(h would be adequate.
These results confirm the validity of the glass electrode apparatus. Also, some of the carbon dioxide limitations observed in the glass electrode apparatus are shown to be not merely transient effects. Although the few experiments reported in this paper are not sufficient basis for a discussion of the mechanisms of carbon dioxide limitations in photosynthesis, they add additional evidence that the maximum rate under steady illumination may require several tenths of a per cent of carbon dioxide. The large accumulation of conflicting data in the literature makes it certain that carbon dioxide limitations depend sensitively on the details of the experimental environment and of the previous history of the preparation. Information is unfortunately lacking from many of the published papers with regard to pertinent experimental factors, like cell density, culturing conditions, light intensity, absolute rates, duration of the experiment, and previous scheduling of light and dark. Future systematic investigations will require close control of these, and perhaps of other variables.
The application of the glass electrode apparatus to the study of transient effects in photosynthesis is reported by Gaffron (1954) .
1. A continuously recording glass electrode apparatus has been described for measuring carbon dioxide concentration changes in solution. The limits of applicability of the apparatus have been analyzed.
2. The glass electrode apparatus has been used for the measurement of transient rates of photosynthesis by algal suspensions.
3. The decline of the photosynthetic rate in high light at carbon dioxide partial pressures less than 0.5 per cent atmosphere, observed in the glass electrode apparatus, has been confirmed by steady state experiments in which flowing gas streams were analyzed. The use of the glass electrode was first proposed for this research by Dr. Hans Gaffron. The analysis of the method described in this paper was undertaken at his suggestion and was the outgrowth of many hours of discussion with him.
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